Abstract Children with early surgery for congenital heart disease (CHD) are known to have impaired neurodevelopment; their performance on school-age achievement tests and their need for special education remains largely unexplored. The study aimed to determine predictors of academic achievement at school age and placement in special education services among early CHD surgery survivors. Children with CHD surgery at \1 year of age from January 1, 1998 to December 31, 2003, at the Arkansas Children's Hospital were identified. Out-of-state births and infants with known genetic and/or neurologic conditions were excluded. Infants were matched to an Arkansas Department of Education database containing standardized assessments at early school age and special-education codes. Predictors for achieving proficiency in literacy and mathematics and the receipt of special education were determined. Two hundred fifty-six children who attended Arkansas public schools and who had surgery as infants were included; 77.7 % had either school-age achievementtest scores or special-education codes of mental retardation or multiple disabilities. Scores on achievement tests for these children were 7-13 % lower than those of Arkansas students (p \ 0.01). They had an eightfold increase in receipt of special education due to multiple disabilities [odds ratio (OR) 10.66, 95 % confidence interval (CI) 4.23-22.35] or mental retardation (OR 4.96,). Surgery after the neonatal period was associated with decreased literacy proficiency, and cardiopulmonary bypass during the first surgery was associated with decreased mathematics proficiency. Children who had early CHD surgery were less proficient on standardized school assessments, and many received special education. This is concerning because achievement-test scores at school age are ''real-world'' predictors of long-term outcomes.
and sometimes require several surgeries during early childhood, which may compound this risk [10, 12, 19, 27] . The American Heart Association recently proposed that infants with CHD surgery are at increased risk for impaired neurodevelopmental outcomes and should be evaluated throughout childhood [26] .
Early heart surgery impacts neurologic outcome and academic performance [36, 38] . Gross and fine motor impairments are frequently evident in childhood after CHD surgery [23, 24, 33, 38] . Neurodevelopmental tests at 1 year likely underestimate the risk of poor school achievement [30] because [50 % of such children have neurodevelopmental impairments at school age [18] . Although intelligence quotients are in the normal range, they score lower than age-matched controls on executive functions at early school age [9] . CHD children also have a high prevalence of hyperactivity, inattention, and other learning problems with B50 % receiving additional academic services [37] . Impairments in executive functioning become apparent later in childhood affecting quality-of-life measures [7, 9, 25] . There is also an estimated 10 % decrease in the completion of schooling [31] . Proposed risk factors for neurodevelopmental delays include the following: earlier surgery [33] , younger gestational age [14] , preoperative acidosis and hypoxia [3, 18] , type of CHD [13] , and cardiopulmonary bypass (CPB) [19] . The problem is likely multifactorial [24] . Arkansas Children's Hospital (ACH) is the only pediatric hospital in the state, cares for the majority of Arkansan children with CHD, and maintains a database of all CHD surgeries. By matching data from the ACH CHD database with achievement-test scores and special-education codes from the Arkansas Department of Education (ADE) longitudinal student database, a unique study was performed [4, 5] . We sought to determine predictors of achieving proficiency (scores at greater then or equal to grade level) on statewide achievement tests at early school age for children who underwent CHD surgery during infancy by linking data from these two databases and comparing these children with the general Arkansas public school student population. We hypothesized that children with CHD would be less proficient and would receive more special education than average Arkansan students.
Materials and Methods

Study Design
After the study received Institutional Review Board approval, all infants who underwent surgery at ACH for CHD during the first year of life from January 1, 1998 to December 31, 2003, were identified from the ACH cardiac surgery outcomes database and the Society for Thoracic Surgeons congenital heart surgery database. Corresponding medical records were abstracted. Infants were excluded if their birth weight was \1,500 g, if they only had a patent ductus arteriosus ligation, or if they only had non-CHD surgery.
Demographic data collected included the infants' name, date of birth, social security number, sex, race, mothers' name, state citizenship, and mortality date (if applicable). Age at surgery, weight at surgery, receipt (and duration) of CPB, surgery date, CHD surgery duration, length of stay (LOS), CHD diagnosis, type of CHD surgery, associated risk adjustment for congenital heart surgery (RACHS-1) category [20] , and known genetic and/or neurologic conditions were recorded. Because ACH is a tertiary care center without an inborn delivery service, birth weight, gestational age, and Apgar scores were abstracted when available. CHD type was divided into four categories: leftventricular outflow tract obstruction (LVOTO; including interrupted aortic arch type A, aortic stenosis, coarctation, and hypoplastic left heart syndrome), right-ventricular outflow tract obstruction (RVOTO; including pulmonary atresia, Ebstein's anomaly, tricuspid atresia, and pulmonary valve stenosis), conotruncal defects (including interrupted aortic arch type B, truncus arteriosus, dextrotransposition of the great arteries, tetralogy of Fallot, and double-outlet right ventricle), and other [i.e., anomalous pulmonary venous return, atrioventricular septal defects, ventricular and atrial septal defects, heterotaxy, and complex (typically three or more major phenotypes)] [8] .
The Arkansas Department of Health verified subjects' social security numbers. The final data set was only Arkansas-born subjects who underwent CHD surgery as infants and later attended Arkansas public schools.
Arkansas Department of Education
The compiled data set was securely transmitted to the ADE. Social security numbers, dates of birth, and mothers' names were used to match infant data to education records. Once matching was complete, a unique study identifier was created by the ADE, and all personal health information was removed to create a deidentified data set. A Family Educational Rights and Privacy Act waiver was obtained from the ADE.
The ADE database contains data for children who attend public schools in Arkansas. Children who were homeschooled, attended private school, had moved out of state, or were residents of another state would not match and were therefore excluded from the analysis. For each subject, the ADE provided scores on the Arkansas Augmented Benchmark Examinations [4, 5] (annual achievement tests taken by all Arkansas public school students grades [3] [4] [5] [6] [7] [8] ; if the subject received special education, the reason code was recorded. The available grade data were dependent on the subject's birth year and current grade level during the 2011-2012 school year. Not all matched subjects underwent achievement testing because B5 % of children at each school may not take the examination, so only other ADE data would be known.
Scores are designated by the ADE as advanced, proficient, basic, or below basic. A proficient or advanced score represents performance at or above grade level, respectively (i.e., ''proficient''); basic and below-basic scores represent performance below grade level (i.e., ''not proficient''). Grades 3 and 4 were used as the ''early school age'' assessments because these were the earliest grades that have proficiency designations associated with the annual assessments and are grades for more complex use of basic skills. Further detail regarding the achievement tests can be found in the online Supplementary Material.
Statistical Analysis
Demographic variables and clinical features were summarized by those subjects having early school-age assessments or identified as requiring special education secondary to mental retardation or multiple disabilities (CHD study cohort) versus those missing early school-age assessments but still having ADE records (partial data CHD cohort). Available demographic data in the Arkansas public school population was compared with the CHD cohort using data available on the ADE and the Arkansas Research Center's Web sites [4, 5] . Demographic and clinical similarity between groups was estimated using equivalence tests assuming a 20 % margin and estimating any selection bias introduced by the matching process [1, 39, 40] .
The primary outcome was defined based on a subject achieving proficiency on early school-age assessments or a subject requiring special education due to cognitive impairment. Subsequently, literacy and mathematics primary outcomes were dichotomized as a negative outcome (defined as not proficient and/or receipt of special education due to cognitive impairment) or a positive outcome (defined as proficient and not receiving special education due to cognitive impairment). Other reasons for special education (e.g., specific learning disabilities) were not combined with the primary negative outcome because they do not clearly represent a cognitive impairment.
To determine risk factors associated with the primary outcome, logistic regression models for proficiency in literacy and mathematics at early school age and accounting for repeated measurements were developed. An unstructured correlation was assumed between repeated assessments made on a given subject. Explanatory variables included in the regression model (Table 4) were selected due to clinical relevance. Underlying distributions of explanatory variables were examined, and appropriate transformations were used to restrict the influence of extreme observations. To estimate the difference between the CHD study cohort and the overall early school-age population, proficiency rates in literacy and mathematics at early school age were estimated by year using logistic regression. The estimated CHD study cohort proficiency at each year was compared with state data at each year and then evaluated using an overall simultaneous test of independence. Stata 12.1 (College Station, TX, USA) and R 2.15.1 (Vienna, Austria) software packages were used.
Results
The descriptive characteristics of 256 infants who met inclusion criteria are listed in Table 1 . The majority (77.7 %) had early school-age assessments or a specialeducation code of mental retardation or multiple disabilities and formed the CHD study cohort (Fig. 1) .
28 % (73 of 256) of CHD infants did not have early school-age achievement-test scores. Having a specialeducation code was associated with not having an early school-age assessment (p \ 0.001) because 41 % (30 of 73) of subjects who did not have an assessment had a special-education code. A special-education code was reported in 26.2 % (67 of 256) of CHD infant-student pairs, which is more than the 10.3 % (53,842 of 523,167) of all Arkansas public school students who received special education [odds ratio (OR) 3.09, 95 % confidence interval (CI) 2.3-4.1]. The OR of receiving special education for mental retardation in CHD subjects compared with Arkansas students was 4.96 (95 % CI 2.6-8.64). Similarly, CHD infants had greater odds of receiving special education due to multiple disabilities (OR 10.66, 95 % CI 4. 23-22.35) . Of the 20 subjects who received special education for mental retardation (n = 13) or multiple disabilities (n = 7), 4 took early school-age achievement tests, and all were not proficient.
One hundred ninety-nine CHD subjects had either early school-age assessments (n = 183) or a special-education code of mental retardation or multiple disabilities [n = 20 (four also had early school-age assessments)] and were included in the model as the CHD study cohort (Fig. 1) . The study cohort was equivalent within a 20 % margin to the 57 subjects who matched only to other ADE data for weight at surgery, number of surgeries, and conotruncal diagnosis category (Table 1) [1, 39, 40] . The CHD study cohort had similar sex and race compared with the Arkansas public school population; however, there was a difference in meal status ( Table 2 ). The mean percent of CHD subjects achieving proficiency was different from the state proficiency averages (for literacy and mathematics at early school age, p \ 0.05 (Table 3 ).
In the literacy logistic regression model, age at surgery, race, and LOS for the first hospitalization were significant predictors for achieving proficiency (Table 4 ). In the mathematics logistic regression model, race, CPB, and LOS for the first hospitalization were predictors for proficiency at early school age (Table 4) . For both models, sex, undergoing one or two or more surgeries, type of CHD, RACHS-1 category, weight at surgery, and the total surgical time at the first surgery were not predictive of achieving proficiency (Table 4) .
Discussion
In this CHD cohort, average proficiency at early school age in literacy and mathematics achievement tests was B13 % lower than the state population [p \ 0.01 (overall)]. These infants also received any type of special education and had an eightfold increase in receiving special education due to mental retardation or multiple disabilities compared with Arkansas school students. This is the first study, to our knowledge, to evaluate standardized achievement tests in a large cohort of children from a single state with CHD surgery during infancy. Important strengths of the study include the following: (1) most Arkansas infants with CHD are cared for and undergo surgery at ACH; (2) the ADE has the mission of sharing educational data with researchers to improve educational outcomes in Arkansas; (3) the match rate of infants with CHD to educational data were high; and (4) ''real world'' assessments that correlate with long-term economic outcomes were used [15, 16] . Because children with genetic and/or brain conditions were excluded, the study results represent a cohort of CHD children whose lower achievement-test scores were likely due to their CHD, treatment, and/or surgery regimens, thus further enhancing the significance of the findings. Moreover, the state data used for comparison included children with genetic and/or neurologic conditions, thus making the high rate of poor achievement-test performance in the CHD children even more concerning. A surprising observation was that children who underwent their first CHD surgery during the first 28 days of life were more proficient on literacy at early school age compared with those who underwent surgery after the neonatal period (OR 3.42). Although it is unclear when it is best to operate, the timing of surgery is affected by type of CHD, clinical condition of the infant, and physician preference. It has been hypothesized that performing surgery too early may be harmful to the developing brain [2] ; however, based on our findings, later surgery may have its own set of consequences. Hypoxemia is one mechanism for preoperative brain injury [3] . Perhaps correcting the anatomic reason for hypoxemia and impaired cerebral blood flow earlier may allow for improved brain growth and development, which occurs rapidly throughout infancy. Welldesigned, randomized clinical studies comparing timing of surgery for particular lesions are clearly needed.
Overall, the CHD study cohort performed below the state proficiency average in both literacy and mathematics. This is consistent with a Danish study showing that individuals with CHD had lower educational achievement by *10 % [31] . Surprisingly, in our cohort, type of CHD and associated RACHS-1 category, which are linked to the surgical procedure and often its timing, were not predictive of achieving proficiency. RACHS-1 categories are a widely used consensus-based risk stratification for CHD infants with higher categories corresponding to surgeries posing a greater risk of death [20, 21] . However, no association between heart lesion and school outcome was found in our cohort (p = 0.250). It is important to note that cognitive changes in infants with CHD can be a result of genetic conditions, intrauterine insults, preoperative insults, intraoperative injury, postoperative injury, medical comorbidities, and necessary mechanical support and its duration [26] .
Infants who received CPB were approximately half as likely to achieve proficiency in mathematics compared with those who did not receive CPB (p = 0.046). For literacy proficiency, however, CPB as a predictor did not reach statistical significance (p = 0.110). CPB is known to have effects on the developing brain and can contribute to brain injury in the form of white matter changes and atrophy [11, 22, 34, 35] .
The study found a high rate of special education among children who underwent surgery during infancy that was almost threefold greater than the general public school population. A novel finding of this study is that 30 % of CHD children receiving special education do so because of mental retardation or because of multiple disabilities; this is significantly greater than the 12.9 % of Arkansas public school students receiving special education due to these reasons. These two reasons for special education were specifically chosen to be included as a negative outcome because they clearly represent cognitive impairment, whereas the presence of a specific learning disability or attention-deficit/hyperactivity disorder does not necessarily mean the subject is cognitively impaired. The effects of this outcome on quality of life, the economic impact to the family and child, and society in general are substantial. In fact, the rate would be even greater if the CHD subjects were compared with Arkansas children who did not have a genetic and/or brain condition. By itself, this finding shows that children with early CHD surgery have significant cognitive impairment as children and need serial routine neurodevelopmental assessments. Future interventions, therefore, should be aimed at providing neurologic morbidity-free survival. This study is limited by its retrospective design and the surgical era in which these children were born. The receipt of free/decreased-cost lunch as a proxy for socioeconomic status was considered in the models; however, because it is school district-dependent and therefore not a consistent marker of an individuals' status, it was ultimately not incorporated into the final model. The CHD cohort, however, had a greater percent of subjects paying full price for lunch compared with the state population (67 vs. 40 %, both P s = 0.987). This suggests that the CHD cohort is perhaps of greater socioeconomic status and that the increased need for special-education services among CHD children may make them more likely to attend public school because they could not receive these services if home-schooled or if they went to private school. Of note, we did replace race with meal status in the regression models and found nearly identical results. In the literacy model, paying full price for lunch was associated with increased odds of proficiency (OR 3.61, 95 % CI 1.88-6.88, p \ 0.001), which is very close to the odds of achieving proficiency for white subjects (OR 3.27). Comparable odds were seen with this substitution in the mathematics model. In Arkansas, socioeconomic status and race are closely correlated. Unfortunately, we did not have consistent data on maternal education, and parental intelligence scores were unavailable.
Because educational data were only available for Arkansas public school students, this study may not be generalizable to children who are home-schooled, who attend private school, or who moved out of state. Specific data about the children who received special education, such as the type of classroom environment or the medication status of children with attention-deficit/hyperactivity disorder, were also not known and would be of interest in understanding how these affect academic achievement. The educational data for CHD subjects, however, should be [6] nearly 100 % because unless there was data entry error by the ADE, every child that ever attended public school would match all available data. The school assessments performed by the ADE include the following: multiple choice-style questions and short essay responses. The essays may involve greater levels of cognition and executive functioning, which is known to be affected in children with CHD [9] ; however, subscores for these were not obtainable. A weakness of this study is that it did not account for personal childhood characteristics, childhood diagnoses, and interventions or 9-10 years of environmental influences (e.g., schools attended, home and neighborhood environments, nutrition, childhood diseases and injuries, family and caregiver education), which is similar to previously performed high-quality CHD follow-up studies [9, 10, 12, 18, 23, 24, 30, 33, [36] [37] [38] . Given that so many factors affect academic achievement between birth and early school age, the fact that 9-10 years later we still observed statistical differences in school performance between CHD subjects and Arkansas students is noteworthy. Another weakness is that we used observational clinical data for which treatment decisions were at the discretion of attending pediatric cardiologists and cardiovascular surgeons. The influence of oxygen saturation before and after surgery on outcome was not able to be determined with the available data. In addition, the CPB strategy did not change at our center during this time period, so this should not affect outcome. Our center predominantly uses high-flow CPB with moderate hypothermia and uses alpha-stat unless the core temperature decreases \25°C, when it is switched to pH-stat. Neuroimaging was not a standard practice in CHD infants before and after surgery during these operative years, so the relationship between brain imaging findings and outcome could not be determined.
Early intervention with preschool educational services for all children with early CHD surgery may improve school-age cognitive function and overall academic and lifetime achievement. Studies of preschool education in premature infants at developmental risk have been shown to be of modest benefit [28, 29] .
Children who survive early CHD surgery are less proficient on early school-age standardized achievement tests. They also received special education at a high rate due to cognitive impairments. These findings at early school age are concerning because they are associated with highschool test scores, which are correlated with future economic success [15, 16] . Outcomes must be assessed for children who underwent surgery during more recent years because preoperative and postoperative intensive care and surgical techniques have improved. The need for CPB and surgery after the neonatal period may be two predictors for decreased academic proficiency; however, further studies are needed. Upcoming research must be aimed at decreasing modifiable factors that contribute to long-term neurodevelopmental morbidity so we can improve cognitive outcomes and lifetime achievement among survivors of CHD surgery during infancy.
